Performance of biomaterials was strongly affected by their surface properties and could be designed artificially to meet specific biomedical requirements. In this study, F À (F), SiO 4 2 À (Si), or HCO 3 À (C)-doped Ca-P coatings were fabricated by biomimetic deposition on the surface of biodegradable high-purity magnesium (HP Mg). The crystalline phases, morphologies and compositions of Ca-P coatings had been characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS). The biomineralization and corrosion resistance of doped Ca-P coatings had also been investigated. The results showed that the Ca-P coating with or without doped elements mainly contained the plate-like dicalcium phosphate dehydrate (DCPD) phase. The doped F, Si, or C changed the surface morphology of Ca-P coatings after mineralization. Doped F enhanced the mineralization of Ca-P coating, and doped Si retarded the mineralization of Ca-P coating. However, H 2 evolution of HP Mg discs with different Ca-P coatings was close to 0.4-0.7 ml/cm 2 after two-week immersion. That meant that the corrosion resistance of the Ca-P coatings with different or without doped elements did not change significantly.
Introduction
Recently, the bioactive and bioabsorbable magnesium alloys have been extensively investigated as implants for orthopedic and cardiovascular applications [1] [2] [3] [4] [5] . This was because they were considered capable of meeting the required biocompatibility at different implantation positions. For instance, magnesium alloys used as biological bone substitution materials could promote the precipitation of calcium phosphate and consequently stimulated the new bone growth [6] . However, some studies also suggested that the calcium phosphate deposition could cause the unwanted soft tissue calcification, thus increasing the risk of myocardial infarction as the cardiovascular stents [7, 8] .
Many efforts have been made to smelt magnesium alloys with different compositions [9] [10] [11] , but the enhancement of the biological performance of magnesium alloys by smelting was rather limited due to the high degradation rate. However, it has been reported that the biological performance of magnesium alloys could be significantly improved by surface modification [12] [13] [14] . For example, the hydroxyapatite coating on Mg alloys has been proved to effectively reduce the degradation rates of Mg alloys [15] [16] [17] [18] and dramatically enhance the connection between the implants and the fractured bones [17] .
The in vivo performance of magnesium alloys depended strongly on their surface properties, and thus it was necessary to prepare adjustable bioactive coatings on the surface to serve different purposes of implantation [19] . According to the previous research [20] , the Ca-P coating has different ions which can be replaced by other ions. In the present work, the Ca-P coatings with different doping ions (Si, F, and C) were fabricated by biomimetic deposition on the surface of HP Mg. The bioactivity, morphology and corrosion resistance of Ca-P coatings with different doping ions were investigated.
Experimental

Fabrication of Ca-P coating
HP Mg discs (∅11.3 Â 2 mm, Z99.99% purity) were used as the substrate for biomimetric deposition. The discs were ground up to 1200# SiC paper to obtain the same surface roughness [21] , and then ultrasonically cleaned in ethanol and dried in air.
Four groups of feeding solutions with different additives were used to prepare coatings on the surface of the HP Mg discs (see Table 1 ). The solution consisting of 0.042 M CaCl 2 and 0.025 M NaH 2 PO 4 was used as the control group. The others added extra 0.001 M Na 2 SiO 3 , 0.002 M NaF, 0.005 M NaHCO 3 , respectively. For each group of feeding solutions, three HP Mg discs were immersed simultaneously in 250 ml solution for 30 min for preparation of coatings.
Biomineralization test
According to Marc Borhner's protocol [18] , all HP Mg discs with the Ca-P coatings obtained by biomimetic deposition were immersed into the SBF-JL2 solution for 24 h at 37 1C under the atmosphere of 5 vol% CO 2 for the measurement of Ca/P ratio of coatings. The ratio of liquid volume to the surface area of each sample was set to 200 ml/cm 2 .
Corrosion resistance test
Four groups of discs with Ca-P coatings were immersed into the modified simulated body fluid (m-SBF) for the measurement of corrosion resistance. Each sample was immersed into 100 ml m-SBF and the immersion was repeated three times for each group of coatings. The m-SBF solution was prepared according to the procedure described by Oyane et al. [22] and was added with HEPES (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid) as buffer. Hydrogen release and pH value were recorded in different periods during 2 week immersion to analyze the corrosion resistance of different Ca-P coatings. In this section, the corrosion resistance of the bare Mg disc was also measured.
Characterization
All samples were rinsed with distilled water and dried in the air after immersion. The surface morphologies of the Ca-P coatings before and after immersion were observed by scanning electron microscope with Energy Dispersive X-ray Spectrometry (SEM/EDS, FEI Quanta FEG 250). The crystallized phases of the coatings on HP Mg discs were detected by the X-ray diffraction (XRD, Rigaku, D/MAX255). Fig. 1 is the XRD pattern of the Ca-P coatings on the surface of HP Mg discs obtained in four feeding solutions after 30 min immersion. For all the four groups, the typical Table 1 The composition and concentration of different feeding solutions. Fig. 2 showed the surface morphologies of the four Ca-P coatings. The coating obtained in the control group was loose, with polygonal plate-like structures on a scale of 40-60 μm (Fig. 2a) . The coating in the Ca-P-Si group consisted of clusters composed of polygonal plate-like substance on a scale of 20-30 μm, which was smaller than those of the control group. Under the clusters, there existed larger plate-like crystals with size of 40-50 μm (Fig. 2b) . For the Ca-P-F group (Fig. 2c) , the coating was composed of huge and dense plate-like crystals, of which structure was similar to the control group. A few globules were spread on the plate-like structure (Fig. 2c) . In Fig. 2d , the plate-like crystals with size of 30-40 μm laid loosely on the surface of Ca-P-C group, meanwhile, the larger plate-like crystals as shown in Fig. 2a existed on the surface. Combined with the XRD pattern, the plate-like structure was identified to be DCPD phase.
Results and discussion
Morphology and composition of Ca-P coating
In this experiment, HP Mg once immersed in the feeding solutions, magnesium provided free electrons for the reductive reactions of H 2 PO 4 À derived from feeding solution, which leaded to the formation of H 2 PO 4 2 À and PO 4 3 À H 2 PO 4 2 À and PO 4 3 À bonded with Ca 2 þ . Meanwhile, SiO 3 2 À , F À , HCO 3 À bonded with Ca 2 þ to form the Si, F or C-doped Ca-P minerals and then deposited on the surface of Mg discs due to the limit of solubility. Ultimately, the coatings with different doped ions were obtained by adding SiO 3 2 À , F À and HCO 3 2 À into the feeding solution. As observed in Fig. 2 , it was obvious that the size of DCPD phases in the Ca-P-F group was the smallest, and the next was the Ca-P-C case. From the above results, it was speculated that the existence of Si and C could hinder the growth of large crystals of DCPD flakes compared with the control group and the Ca-P-F group. In addition, it has been proved that the DCPD phase in the coatings had bioactivity [23] , and thus the different dopants in Ca-P coatings could lead to different bioactivity.
Biomineralization of Ca-P coating
To verify the above assumption, the as-prepared coated samples were immersed into the SBF-JL2 solution for 24 h, allowing the transition of the coating precursor of DCPD and TCP in a simulated physiological environment. Table 2 showed the Ca/P ratio of the coatings before and after immersion in SBF-JL2 detected by EDS. The EDS results of the four groups of Ca-P coatings before and after the immersion showed the same elements. Before immersion, the difference of Ca/P ratio was negligible, but after immersion, it was obvious that the Ca/P ratio increased for all groups. For the Ca-P-F group, its Ca/P ratio significantly increased from 0.95 to 1.46, and the largest range indicated the best mineralization efficiency of the coatings in the feeding solution with the aid of F. The Ca/P ratio of the control group and the Ca-P-C group rose from 0.92 to 1.17 and from 0.91 to 1.15, respectively. For the Ca-P-Si group, the Ca/P ratio had limited increase from 0.94 to 1.00, which illustrated that the mineralization degree was the lowest and also showed Si hinder the mineralization of Ca-P coating. Fig. 3 showed the XRD patterns of the Ca-P coatings after 24 h immersion into SBF-JL2. It was obvious that the intensity of the diffraction peak of DCPD and TCP at 2θ ¼ 23.41 (Fig. 3 ) decayed dramatically compared with Fig. 1 , especially for the Ca-P-F group and the Ca-P-C group, which illustrated fast conversion of the DCPD and TCP phases happened with the aid of F and C. However, the intensity of DCPD peak at 2θ ¼ 111 did not change greatly. Fig. 4 showed the surface SEM images of the Ca-P coatings after 24 h immersion into SBF-JL2. For the control group, a tangle containing flake-like phase with a size of 20-30 μm and cluster with a size of 15 μm were covered on the surface (Fig. 4a) . The flake-like phase was 30-50 μm on the surface of Ca-P-Si group (Fig. 4b) . The coating of Ca-P-F group had clumped, and some cracks with a few micrometers width existed simultaneously (Fig. 4c) . The mixture of strip-shape substance and cluster was appeared on the surface of Ca-P-C group (Fig. 4d) . It was obvious that the surface morphologies of four Ca-P coatings after 24 h immersion into SBF-JL2 showed clear variations compared with those in Fig. 2 . The notable change was the flake-like phase structure on the surfaces of control group, Ca-P-F group and Ca-P-C group disappeared. On the contrary, the flake-like phase structure dominated in the Ca-P-Si group. From the disappearance of DCPD phase and the significant decrease of DCPD peaks' intensity of Ca-P-F group and Ca-P-C group after immersion into SBF-JL2, it was concluded that the addition of F and C into the coatings resulted in a faster dissolution of DCPD phase.
Bioactivity of the coatings relied on their compositions and initial phase structures. From the results shown in Table 2 , Figs. 3 and 4 , the bioactivities of Ca-P coatings could be adjusted by adding other functional elements into coatings for some specific purposes at different implantation sites. As the bone-substitution materials, a strong connection between the materials and the fractured bones was necessary, hence, the bioactive Ca-P-F coating prepared in this work had the important advantage of enhancing the connection between coating and bone due to the fast mineralization rate. In comparison, the bioactive Ca-P-Si coating with low mineralization rate seemed more suitable for soft tissue or implantation site without fast calcification.
Corrosion resistance of Ca-P coating
The corrosion resistance of Ca-P coating was characterized by H 2 release and pH value of residual m-SBF recorded at different immersion periods (see Fig. 5 ). Fig. 5a shows the change trend of H 2 emission of all groups during the first week immersion (the H 2 evolution did not change during the second week, and thus omitted). The bare HP Mg showed the highest H 2 release up to 4.5 ml/cm 2 due to fast degradation. The H 2 evolution of the control group and the Ca-P-F group was close to 0.7 ml/cm 2 , while the Ca-P-group and Ca--C group were as low as 0.4 ml/cm 2 , which demonstrated that the fully Ca-P coating can significantly decrease the degradation rate of Mg alloy substrate. Although the degradation rate of bare disc was far higher than that of the Ca-P coated discs, all H 2 emission curves showed the same change trend during one week immersion. The H 2 evolution rate stayed at the highest level during the first 12 h, and then gradually decreased until the steady stage. The pH value of all groups of samples gradually increased during two-week immersion and still showed the same change trend (Fig. 5b) . The bare disc group showed the highest pH increase up to 8.1. The lowest pH increase was the Ca-P-C group and the control group. These data suggested that the Ca-P-C group performed the best corrosion resistance among the four groups of coatings. The morphologies of HP Mg with or without Ca-P coatings after 2 weeks immersion in m-SBF are shown in Fig. 6 . For the control group (Fig. 6a) , the plate-like DCPD crystals before immersion (Fig. 2a) became a dominant river-like structure. The remained plate-like DCPD with a size of 30-40 mm (white arrow in Fig. 6b ) was on the Ca-P-Si group. Moreover, a small area of the HP Mg substrate was uncovered, as shown in the highlighted area in Fig. 6b . Obviously, the precipitates with a cotton-like structure (white arrow in Fig. 6c) were distributed on the surface of Ca-P-F group except the residual plate-like DCPD (Fig. 6c) . The surface morphology of Ca-P-C group was similar to that of the control group, but there was a small area of the HP Mg substrate exposed (shown in the highlighted area in Fig. 6b ). On the contrary, massive corrosion products were observed on the bare HP Mg disc with cracks distributed on the surface (Fig. 6e) . Although Ca-P coatings improved the corrosion resistance of HP Mg, the different additives (Si, F, and C) in Ca-P coatings did not significantly change the corrosion resistance of the coatings, and just changed the surface morphology and compositions of coatings.
Conclusions
As a summary, the Ca-P coating with or without doped ions mainly contained the plate-like DCPD phase. F could enhance the mineralization of Ca-P coating, and Si hindered the mineralization. Meanwhile, F and C leaded to the fast conversion of coating precursors of DCPD and TCP. However, H 2 evolution varied from 0.7 ml/cm 2 for Ca-P-F group to 0.4 ml/cm 2 for Ca-P-Si and Ca-P-C group after one week immersion, indicating doped with Si, F, or C did not change so much on the corrosion resistance of Ca-P coatings.
